Abstract-The Wendelstein 7-X stellarator is in final stages of commissioning, and will begin operation in late 2015. In the first phase, the machine will operate with a limiter, and will be restricted to low power and short pulse. But in 2019, plans are for an actively cooled divertor to be installed, and the machine will operate in steady state at full power. Recently, plasma simulations have indicated that, in this final operational phase, a bootstrap current will evolve in certain scenarios. This will cause the sensitive ends of the divertor target to be overloaded beyond their qualified limit. A high heat flux scraper element (HHF-SE) has been proposed in order to take up some of the convective flux and reduce the load on the divertor. In order to examine whether the HHF-SE will be able to effectively reduce the plasma flux in the divertor region of concern, and to determine how the pumping effectiveness will be affected by such a component, it is planned to include a test divertor unit scraper element (TDU-SE) in 2017 during an earlier operational phase. Several U.S. fusion energy science laboratories have been involved in the design, analysis (structural and thermal finite element, as well as computational fluid dynamics), plasma simulation, planning, prototyping, and diagnostic development around the scraper element program (both TDU-SE and HHF-SE). This paper presents an overview of all of these activities and their current status.
Overview of Design and Analysis Activities for the W7-X Scraper Element
with five equivalent modules due to fivefold symmetry. Each module additionally has stellarator symmetry. Thus, the W7-X divertor system is made up of ten identical units, five that are above the equatorial axis and five that are below (see Fig. 1 ). The power and pulselength of operation will be controlled by the type of divertor used during the different phases of operation, which are as follows. 1) Operational phase 1.1 (OP 1.1), beginning in 2015, W7-X will be operated with a limiter at low power for short pulse (∼1 s). 2) Operational phase 1.2 (OP 1.2), scheduled to begin in mid-2016, W7-X will be operated with a passively cooled divertor-the test divertor unit (TDU)-at full power (10 MW) for longer pulse (∼10 s). 3) Operational phase 2 (OP 2), scheduled to begin in 2019, W7-X will be operated with an actively cooled divertor at full power in a steady-state condition (30 min). The actively cooled divertor is qualified to handle steadystate power fluxes of 10 MW/m 2 . However, the ends of the divertor targets are more sensitive, and have a qualified limit of 5 MW/m 2 . Simulations have indicated that under certain operational scenarios during OP 2, a bootstrap current can evolve (over a course of ∼30 s), which causes a substantial convective flux toward the sensitive ends of the divertor targets that exceed their qualified limit [2] . A "scraper element" (SE) has been proposed, which will remove roughly half of the total power and reduce the flux on the divertor target regions to within their qualified limits. This high heat-flux SE (HHF-SE) is constructed using carbon-carbon fiber composite (CFC) monoblock technology with integral twisted tape within copper chromium zirconium tubing in order to enhance the margin to critical heat flux.
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II. HIGH HEAT-FLUX SCRAPER ELEMENT
A. Physics Modeling W7-X was optimized to have a low bootstrap current. However, in certain configurations, a finite bootstrap current evolves on a timescale of ∼30 s [5] . The effect of this evolution on the divertor target plates can be seen in Fig. 2 . Fig. 2 (b) and (c) shows field lines striking the sensitive regions at the edge of the divertor targets. The SE is intended to reduce the convective flux in these regions. In order to estimate the heat fluxes on the W7-X divertor, the DIV3D code was developed [6] . DIV3D calculates the heat fluxes incident on arbitrary plasma facing surfaces in 3-D magnetic fields. For these calculations, the magnetic field model combines contributions from the nested flux surface equilibrium calculated by the nonlinear ideal magnetohydrodynamics code VMEC [7] , [8] with the field generated by the external coils using a 'virtual casing' principle calculated using the EXTENDER code [9] . This is similar to other field line tracing codes that have been developed for calculating heat fluxes produced from plasmawall interactions [10] .
The design of the profile of the SE surface was done iteratively transferring between the DIV3D model and the Computer Aided Design (CAD) model. As the SE is to be placed in an extremely confined space, a tradeoff between intercepting the maximum heat flux uniformly over the length of the SE and avoiding interference with other components was required. The results from DIV3D, comparing the divertor region with and without an optimized SE, are shown in Fig. 3 .
B. Engineering Design
Some of the engineering requirements on the HHF-SE are as follows:
1) heat load reduction on the end of divertor target element to less than 5 MW/m 2 ; 2) heat load maintained below the technical limit of the monoblock technology (qualified to 20 MW/m 2 for ITER [12] , [13] ); 3) water pressure drop ≤1.4 MPa, static pressure of 1.0 MPa; 4) bulk water temperature ≤80°C (50°C increase); 5) CFC surface ≤1200°C. The appropriate technology considered that is capable of meeting these requirements is the CFC monoblock (see Fig. 4 ). Studies were performed in order to determine the proper orientation of the monoblocks and the optimal flow distribution that meet these competing objectives (see [14] , [15] ). It was decided to construct the SE of 24 monoblock fingers, oriented poloidally. The SE is divided into six parallel modules consisting of four monoblock fingers each (see Fig. 5 ). The series connections between the monoblock fingers in a single module are made with "box" connections rather than with 180°pipe bends. Although the box connection is more complex to manufacture (requiring internal welds in 12-mm inner diameter tubes), it is necessary due to the severely restrained space in this region. A model of the HHF-SE in proper position within W7-X is shown in Fig. 6 .
C. Engineering Analysis
Computational fluid dynamics (CFD) analyses were performed (using the ANSYS CFX software) in order to examine whether some of the design requirements (pressure drop and peak temperature in the CFC) are met. Details of the models are found in [11] , [15] , and [16] . First, a hydraulic model of the entire SE was created, including the water manifolds that connect the six modules (see Fig. 7 ). These results showed that the velocities in the different modules vary by as much as 13% due to the different flow resistances from the manifold and the connecting piping. Boundary conditions from this model were used to create a more detailed thermal fluid model of a single module. These temperature results were then mapped to a finite-element model. The module that had the highest power flux (as calculated by the DIV3-D) was chosen. The results show that the CFC temperature rises above the requirement of 1200°C (see Fig. 8 ). However, this model does not include the temperature variance of the CFC properties (a nonconservative assumption as the thermal conductivity of CFC decreases with temperature) nor the vapor generation in the water (a conservative assumption as nucleate boiling will increase the heat transfer coefficient). An analysis of different turbulence models has been conducted, and the inclusion of two-phase flow is underway [16] .
D. Prototype Development
Eight prototype fingers have been constructed, and are to be tested in the GLADIS facility in Garching, Germany [17] . The experimental results are to be validated with the CFD results. One four-finger module will be built, and tested at prototypical power loads and cooling water characteristics. Details of the prototype development and testing are given in [18] .
III. TEST DIVERTOR UNIT SCRAPER ELEMENT
During OP 1.2, W7-X will employ a passively cooled divertor-TDU. A similar strategy is planned for the SE, that is, including a passively cooled version. The mission of the TDU-SE is as follows: 1) to assess whether the HHF-SE can effectively protect the ends of the divertor target in OP 2; 2) to determine how pumping effectiveness will be affected by the presence of an SE in OP 2. The top surface profile must be equivalent to that of the HHF-SE in order for this mission to be accomplished. However, the surface itself can be made of a standard graphite (such as Ringsdorff R6510, which is used for other in-vessel components in W7-X) rather than CFC (which is costly and has a long lead time). A set of diagnostics (Langmuir probe, thermocouples, infrared camera, and pressure gauge) will be required in order to measure the pressure and surface temperature (or heat flux). It was decided that the TDU-SE is only required to be placed in two of the ten divertor locations to adequately evaluate the component performance.
A. Physics Modeling
One difficulty with assessing the performance of the TDU-SE is that the plasma scenario that produces the high heat fluxes on the SE is not accessible in OP 1.2. The bootstrap current evolves over ∼30 s, and OP 1.2 is limited to 10-s pulses. (DIV3D modeling indicates that the SE does not significantly interact with the plasma in any of the nine standard plasma scenarios.) In order to overcome this difficulty, "mimic" scenarios have been developed that apply similar flux patterns to the SE (see Figs. 9 and 10 ). This is done by adjusting the W7-X coil currents (see [19] for details).
B. Engineering Design
Because the TDU-SE does not include the water cooling system, certain aspects of the design are significantly simplified. See Fig. 11 for a comparison of the two designs at the conceptual design stage. However, the lack of cooling necessarily means that there is a larger thermal gradient between mating components, which results in higher relative thermal expansions. Thus, the components must be designed with additional flexibility to accommodate this relative displacement. (In the HHF-SE, the large thermal gradient is primarily limited to the CFC). Another challenge with the design of the SE (both TDU-SE and HHF-SE) is the issue of mounting the component in the vessel and adjusting it precisely. Because planning for the installation of the TDU-SE began after many of the in-vessel components had already been installed, it was not possible to design a mounting system specifically for the TDU-SE. The only feasible option was to mount the unit to existing supports that are currently used for the wall panels. Three support locations were identified (see Fig. 12 ). However, as the wall panels and the TDU-SE base plate (see Fig. 13 ) may be at different temperatures, the mounting system must allow adequate flexibility to avoid excessively stressing the panel supports or the components.
Some of the requirements for the TDU-SE are as follows. 1) Maximum surface temperature of graphite = 1800°C.
2) Maximum surface temperature of wall panels behind the TDU-SE = 200°C. 3) Maximum temperature of stainless steel support components = 500°C. 4) Magnetic permeability <1.01 for all materials. 5) Cobalt content <500 ppm for all parts. 6) Assembly can be adjusted ±7 mm in each direction during installation. 7) The final position of the assembly must be within ±1.5 mm in any direction of the target position. 8) TDU-SE can be installed from pieces weighing less than 25 kg. In order to allow thermal expansion in the wall panels, some of the panel supports have a degree of flexibility-they can rotate about their mounting base. One of these panel supports, and the attachment to the TDU-SE base plate, is shown in Fig. 14 . Of the three mounting locations shown in Fig. 13 , two are fixed and one has flexibility. In addition, in order to allow for base plate thermal expansion, one of the base plate mounting locations is free to move in both in-plane directions(see Fig. 13 ), and one of the mounting locations is free to move in one direction (in the vector direction from the fixed location to that point). As shown in Fig. 15 , a ball mount is used to connect the panel support to the base plate adjustment mechanism. This is done to translate the adjustments of the three base plate attachment points to be in the same three orthogonal directions. The panel supports are not oriented in parallel directions, so it would be extremely cumbersome to adjust the plate (particularly "up" and "down"-normal to the plate) if adjustments had to be made along the panel support axes. The ball mount is made of Nitronic 60, a stainless steel with antigalling properties. Once the base plate is placed in the vessel, each mounting location can be adjusted ±7 mm in all three orthogonal directions.
Once the base plate is mounted and positioned precisely in the vessel, the plasma facing components (graphite tiles and supporting system) are mounted on the base plate. This plasma facing component would have already been carefully positioned on the base plate when outside of the vessel, so that no further adjustment of it should not be required inside the vessel. Fiducial markings will be present on the assembly so that confirmation measurements can be made.
C. Diagnostics
Multiple diagnostics are required in order to accomplish the twofold mission of the TDU-SE. A manometer is mounted to the base plate in order to make pressure measurements in this region (see Fig. 16 ). Pressure gauges also exist in each of the ten divertor locations. The neutral pressure will be compared between different divertor locations (eight of which will not have the TDU-SE). As the TDU-SE is scheduled to be installed in the middle of OP 1.2, it will also be possible to compare the neutral pressure before the TDU-SE is installed with the pressure after it is installed. Three thermocouples are also planned for the TDU-SE. These thermocouples will be taken from locations in the TDU, where they will be used during OP 1.1, and hence will already be present in the machine when the TDU-SE is installed. One of these thermocouples will be installed in the base plate (see Fig. 16 ), one will be installed on the stainless steel "spine" that the graphite tiles are mounted to, and one will be installed in one of the graphite tiles.
A Langmuir probe will be placed in one of the two TDU-SEs. The probe design is similar to that used for probes placed in the TDU itself, but is modified in order to fit into the graphite block of the TDU-SE (see Figs. 17 and 18 ). It is placed in the block that will experience the highest heat flux, and it is placed in the center of the block, where it expected that convective flux will be encountered.
A visible light camera is present to view the divertor region in both of the locations planned for the TDU-SE, and a highresolution IR camera will be available in port AEK51 to view one of the TDU-SEs. A CAD representation of a view of the TDU-SE and divertor region is shown in Fig. 19 . The cameras and the Langmuir probe should allow a reasonable estimation of the heat flux on the TDU-SE. The thermocouples, combined with finite-element analysis, could also be used to infer heat flux values. The thermocouples will also be used for operational purposes, to ensure that the component is at a low enough temperature for the next plasma pulse.
D. Engineering Analysis
Extensive analyses have been performed on the TDU-SE (see [21] for details). The analysis results confirm that the design criteria are satisfied and that the design is thermally and structural robust enough to be placed in operation during OP 1.2. 
E. Phases of Prototyping
Three phases of prototypes have been planned (or completed) for the TDU-SE: 1) proof of concept; 2) high heat-flux test article; 3) mock up. The proof of concept is a prototype of the base plate and attachments, to demonstrate that the base plate can be assembled and adjusted to submillimeter precision (see Fig. 20) . A simulated wall panel is also included in the proof-of-concept test in order to examine the difficulty of hand access to the adjustment regions. The proof-of-concept test has been conducted successfully. The base plate was able to be installed in both lower and upper positions with little difficulty, and placed within 0.2 mm of CAD position in three orthogonal directions.
The purpose of the high heat-flux test article is to test the performance of the graphite tile attachment mechanism to its backing plate. Given the multiple materials used (graphite tile, molybdenum rods to secure the tile in position, and stainless backing plate), it is desired to ensure that the assembly performs as expected when under the extreme thermal environment. It will be necessary only to use a single tile for this test (see Fig. 21 ).
The mock-up phase will involve an installation test of the entire TDU-SE. The purpose is to demonstrate that adequate space is available for installation operations, precision positioning can be performed, and proper measurements can be made. The base plate and attachment mechanism will be prototypical. The only component that will not be is the graphite tiles, which could be made of a simpler material. This test will be conducted in Greifswald at the W7-X site, in a simulated vacuum vessel sector, in order to have the actual installation conditions (and confined space). Once these three steps of prototyping are completed, there will be a high degree of confidence that the TDU-SE can be installed, precisely positioned, and will function effectively during machine operation.
IV. CONCLUSION

A. Schedule for the TDU-SE and HHF-SE
The preliminary design review for the TDU-SE has been completed, and the final design review is scheduled for late 2015. The TDU-SE is scheduled for delivery to Greifswald in mid-2016, and installation in early 2017, during a planned shutdown of W7-X during OP 1.2.
For the HHF-SE, the prototype testing is ongoing. Two-phase CFD will be conducted and verified by the testing in GLADIS. This will then be used to predict the behavior of the HHF-SE during operation. The HHF-SE prototype results, combined with the operational results of the TDU-SE, will be input into the final review for the HHF-SE, where a decision will be made on whether these components should be included in OP 2.
B. Next Steps
The TDU-SE is currently in the final design stage, and value engineering exercises are underway, and the final designs and drawings are being completed. The HHF-SE prototype is being tested in the GLADIS facility, with validating two-phase CFD analysis being performed. A high-resolution IR camera, developed at Los Alamos National Lab, is being completed for use in OP 1.1 and beyond. This camera will have view of the divertor region, including one of the TDU-SE locations.
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